We conclude that crypt epithelium of murine enteroids exhibit Cftr expression and activity that 48 recapitulates crypt epithelium in vivo. Enteroids provide a primary culture model that is suitable 49 for physiological studies of regenerating crypt epithelium. 50
Introduction 51
Past investigations of transport physiology in intestinal crypt epithelium have been 52 limited by the relative inaccessibility of the crypt in native intestine and failure to sustain crypt 53 epithelial differentiation in primary culture using standard methods. Most previous physiological 54 studies used either freshly-isolated colonic crypts or imaged the base of crypts in muscle-stripped 55 colonic sheets which elucidated important features including the presence of absorptive function 56 (22; 29), aspects of extracellular pH regulation (7), cell volume changes (39; 60), transepithelial 57 NaCl movement and second messenger Ca 2+ i /cAMP regulation (26). However, an important 58 variable in those experiments were changes in the structural and functional integrity of the crypt 59 epithelium resulting from apoptosis (anoikis) initiated by the acute loss of contact with the 60 extracellular matrix (ECM) and submucosal elements (32). In some studies, e.g., ref. (22), 61 microdissection of colonic crypts resulted in fairly uniform retention of the basement membrane 62 thereby minimizing the effect due to loss of the ECM (49); whereas, in other studies, e.g., ref.
63
(39), colonic crypt isolation by Ca 2+ chelation was used which disrupts the integrity of the 64 basement membrane (49). Also, reports from one laboratory indicate that apoptotic induction is 65 overcome using short-term culture on collagen matrices where crypt features of 66 proliferation/axial migration are maintained (48), but this methodology has not become 67 widespread nor adapted to murine intestine for use with gene-targeted or transgenic models. 68
Thus, the available experimental preparations have limitations that affect our understanding of 69 crypt physiology in the colon and to a greater extent in the small intestine. 70
Developmental biologists investigating intestinal stem cell identity have provided a 71 model of regenerating intestinal crypts grown in 3D gel culture (52). In a study validating the 72 putative stem cell marker, Leucine-rich repeat-containing G-protein-coupled Receptor 5 (Lgr5), 73 it was shown that freshly isolated small intestinal crypts placed in collagen gels with specific 74 growth factors would form self-organizing crypt organoids (enteroids) imaged on a TCS SP5 Confocal-Multiphoton microscope built on a DMI6000 inverted platform 152 (Leica, Wetzler, Germany). Z stacks were used to determine crypt cross-sections for counting of 153
EdU-labeled nuclei, avoiding sections where crypt fission was observed. For 154 immunofluorescence of freshly isolated crypts, the crypts were fixed overnight in 4% 155 paraformaldehyde, washed in PBS and permeabilized using PBS + 0.5% Triton X-100. After 156 blocking with PBS + 10% goat serum (30 min), the crypts were exposed overnight (4°C) to β-157 catenin antibody (sc 7199, Santa Cruz Biotechnology, Santa Cruz, CA) diluted in PBS + 0.1% 158 Triton X-100. Crypts were washed 3 times in PBS + 2% goat serum before incubating overnight 159 with anti-rabbit IgG Texas Red (sc 2780, Santa Cruz) (1:100 dilution). Washed crypts (PBS + 160 2% goat serum) were incubated with Hoechst 33342 diluted 1:2000 for 1 hr. Crypts were 161 suspended in buffered Fluorogel (Electron Microscopy Sciences, Hatfield, PA), mounted under 162 glass coverslips and imaged on the TCS SP5 Confocal-Multiphoton microscope (Leica). 163
Immunoblot analysis. Freshly-isolated crypts and enteroids isolated by the method used for 164 passaging (see Enteroid culture) were suspended in ice-cold PBS and lysed at 4°C by 165 supersonication. Whole small intestinal epithelium from WT and Cftr KO mice was isolated by 166 using the EDTA chelation technique, as describe previously (21), and processed similarly. Total 167 lysate protein was loaded on 10% SDS-PAGE gels for electrophoresis, membrane transfer and 168 immunoblotting. Anti-Cftr (3G11, provided by CFTR Folding Consortium, Cystic Fibrosis 169 Foundation Therapeutics, Inc.) and Anti-Pept1 (sc-20653, Santa Cruz) were used as primary 170
antibodies. Anti-β-tubulin (sc-9104, Santa Cruz) was used as loading control. 171
Reverse transcription and quantitative PCR array (qRT-PCR).
Epithelial mRNA expression was 172 measured in freshly isolated crypts, primary enteroids (p0, plated 7-10 days), and passage 1 173 enteroids (p1, plated 7-10 days) each from the same WT mouse. Freshly isolated crypts were 174 placed immediately into RNA Later (Applied Biosystems, Foster City, CA) and refrigerated; 175 whereas p0 and p1 enteroids were removed from Matrigel®, rinsed twice with ice cold PBS and 176 placed in RNA Later for refrigeration. Samples in RNA Later were mixed with PBS (2:1 v/v) 177 and pelleted prior to homogenization with QiShredder and total RNA extraction using RNeasy 178
Plus (according to the manufacturer's protocol, Qiagen, Germantown, MD). Isolated RNA was 179 reverse transcribed with Superscript III First Strand Synthesis Kit (Invitrogen, Carlsbad, CA) 180 using oligo dT according to the manufacturer's protocol. cDNA was mixed with TaqMan Gene 181
Expression Master Mix (Applied Biosystems), according to the manufacturer's protocol, and 182 loaded onto customized mini-array 96 well plates containing TaqMan assays for the genes of 183 interest (Table 1 ). In addition to the genes of interest, β-actin, serving as a -RT control, and 184 three housekeeping genes (β-glucuronidase, hypoxanthine guanine phosphoribosyl transferase 1, 185 mitochondrial ribosomal protein L19) were assayed. A Mastercycler EP RealPlex thermocycler 186 (Eppendorf, Hamburg, Germany) was used for quantitative PCR with the following protocol: 187 50°C (2 min), 95°C (10 min) and 40 cycles of 95°C (15 sec), 60°C (1 min). The threshold cycle 188 (C t ) of a gene of interest was subtracted from the geometric mean C t of the housekeeping genes 189 to yield ΔC t . The relative mRNA expression of the p0 or p1 enteroids versus freshly isolated 190 crypts was calculated using the ΔΔC t method (38). Germany) and fitted with a temperature-controlled incubator containing a 95% O 2 :5% CO 2 260 atmosphere (Life Imaging Services, Basel, Switzerland). Organoids were continuously 261 superfused with KBR + TES (pH 7.4, gassed with 95% O 2 :5% CO 2 , 37°C). The excitation 262 source for quinicrine was a 488 nm argon laser and images were collected at an emission 263 wavelength 500-540 nm. The excitation source for SNARF 5F was a 514 nm argon laser and 264 images were collected at dual emission wavelengths (580 ± 30 nm and 640 ± 30 nm). Z stacks 265 (~30 1µm slices) of individual crypts were acquired using the two sets of excitation-emission 266 wavelengths (avoiding optical contamination of SNARF 5F fluorescence by quinicrine). 267
Avoiding granulated (quinicrine stained) cells, enterocytes were selected post-acquisition for 268 measurement of pH i by placing a 3D measurement sphere within the confines of individual cells 269 using Imaris software (Bitplane, South Windsor, CT). The 580/640 nm ratio was converted to 270 pH i using a standard curve generated by K
+ /nigericin technique (56). 271
Materials. SNARF 5F acetoxymethyl ester was obtained from Invitrogen (Carlsbad, CA). the enteroids is difficult to visualize in all planes, a longitudinal study found that 57.6% of crypt 314 cross-sections have evidence of a budding event, i.e., bulging of cells at a confined site, within 1 315 -3 days after mature crypt formation (n = 20 enteroids, 1 -2 crypts/enteroid, 6 WT mice). 316
Cftr and other transporter expression. To assess the fidelity of the enteroid model with regard to 317
Cftr activity, Cftr protein expression was measured by immunoblot analysis for comparison of 318 freshly isolated crypts with primary (p0) and passage 1 (p1) cultured enteroids, all from the same 319 WT mice. Cftr expression in the intestine is at highest levels in the crypts (2). As shown in Fig.  320 3A and 3B, Cftr protein expression in p0 and p1 WT enteroids is equivalent to Cftr expression in 321 freshly-isolated WT crypts. Specificity of the Cftr immunoblot is demonstrated by the absence 322 of Cftr detection in p1 enteroids from Cftr KO mice (Fig. 3A) . Although the cumulative data did 323 not indicate a statistical difference, a slight trend towards lower mean Cftr expression in the 324 freshly isolated crypts was noted (mean Cftr densitometry of Fresh vs. p0 d7 Enteroids, p = 325 0.395). It was reasoned that this may be an artifact resulting from contamination of the freshly-326 isolated crypts with villous epithelium, which have much lower Cftr expression (2), and likely 327 the stability of Cftr protein in apoptotic cells of the enteroid central lumen. Consistent with 328 villous contamination, Cftr immunoblots on freshly-isolated whole small intestinal epithelium, 329
i.e., crypt and villous epithelium, from WT mice show very low levels of Cftr expression, 330 presumably due to protein lysate "dilution" with villous epithelium (Fig. 3C) . To verify villous 331 epithelial contamination in our immunoblots, freshly-isolated crypts were compared with p0 and 332 p1 enteroids for Pept1 a H + di-/tripeptide transporter which is primarily expressed in villous 333 epithelium (27). As shown in Fig. 3D , Pept1 protein was detected in freshly isolated crypts 334 relative to p0 and p1 enteroids, consistent with villous cell contamination of the freshly isolated 335 crypt lysates. As shown in Fig. 3E , sheets of villous epithelium were typically observed in 336 freshly isolated crypt preparations and, to a lesser extent, the p0 enteroid cultures. 337
The mRNA expression of other acid-base transporters and relevant carbonic anhydrases 338 measured by qRT-PCR mini-arrays was compared among freshly isolated crypts, p0 enteroids 339 and p1 enteroids from individual WT mice ( Fig. 4A ; Table 1 ). With the exception of Nkcc1, 340 several transporters in the p0 and p1 enteroids had a mean mRNA abundance that was lower than 341 in the freshly isolated crypts (which were assigned a value of zero in the Fig. 4A graph) . 342
Significant decreases were found for the alpha 1 subunit of the Na-K Atpase, Nhe2, Dra, Pat-1 343 and CaII. Each of these transporters is expressed at greater levels in villous as compared to crypt 344 epithelium in mammalian intestine (11; 23; 33; 34; 50; 62), suggesting villous epithelial cell 345 contamination of the RNA in the freshly isolated crypts. Since villous epithelium is considered 346 terminally-differentiated, we sequentially assessed the viability of non-crypt epithelium in p0 347 enteroid cultures from WT mice by trypan blue exclusion. Approximately 50% of the 348 contaminating non-crypt epithelium failed to exclude trypan blue after 1 day and >90% failed to 349 do so after 4 days (Fig. 4B) . Given the relative instability of mRNA, it is unlikely that villous 350 RNA significantly contaminated the samples from the p0 enteroids at day 10. In contrast to the 351 above transporters, Nkcc1, which showed a significantly increased expression in the p0 and p1 microelectrodes were used to assess changes in the membrane potential of crypt enterocytes (Fig.  369   5A) . As shown by the experiment on a p1 WT enteroid (Fig. 5B) The enteroid system is amenable to studies of cell proliferation and perhaps neoplastic 458 progression. Modification of the growth medium in this study provided a level of crypt epithelial 459 proliferation that recapitulates intercrypt variation (i.e., quiescent to high) and overall mean rates 460 as measured in vivo. Endogenous Wnt production and signaling by the enteroid crypt epithelium 461 was apparently sufficient for normal proliferation but required the addition of the mesenchymal-462 derived Wnt cofactor, Rspondin1 (52). A major difference in the enteroid system is the high 463 frequency of crypt fission events. We estimate that approximate 5% of crypts freshly isolated 464 from WT murine proximal small intestine show evidence of crypt fission, which is consistent 465 with observations in other species (14; 15), whereas multiple crypt fission events in the enteroid 466 cultures are observed during the period 3 -8 days post-plating. Newly forming crypts are 467 readily recognized as 'buds' from existing crypts and therefore can be avoided or specified for 468 study. It is likely that the addition of noggin to the enteroid cultures contributes to the higher 469 rate of crypt fission since transgenic overexpression of noggin induces ectopic crypt foci in 470 mouse intestine (31). Crypt fission is of interest because it represents increased stem cell clonal 471 expansion in intestinal dysplasia and models of familial adenomatous polyposis (40; 46). 472
The native crypt epithelium is the major site for Cftr expression in both small and large 473 intestines (2; 35; 57). Cftr protein expression in WT enteroid cultures was robust and largely 474 unchanged from that in freshly isolated WT crypts. The crypt isolation procedure using EDTA 475 chelation of divalent cations also dislodges sheets of villous epithelium from small intestine 476 which confounds comparison of gene expression between freshly isolated crypts and the enteroid 477 cultures. Consequently, we found expression in the freshly isolated crypts differed from that in 478 enteroids by higher expression of Na which is the predominant cell type of the crypt (13). Thus, Cftr may set the upper limit of pH i in 531 WT crypt epithelium. An alkaline pH i in Cftr-deficient epithelium would negatively impact 532 processes of apoptosis by diminishing cellular activity of acid endonucleases (5) and positively 533 influence cell proliferation by facilitating G2/M transition in the cell cycle and enhancing 534 membrane biogenesis (47; 64) . Previous studies have shown that Cftr KO mice exhibit 535 hyperproliferation of the intestinal epithelium (19) and it is known that cystic fibrosis patients 536 have an ~6-fold risk of gastrointestinal neoplasia despite being a relative young population (41). 537 Thus, the alkaline pH i in CF crypt epithelium may be a potential contributor to the propensity for 538 gastrointestinal cancer in CF patients. Why other acid-base transporters in the Cftr KO 539 epithelium do not fully compensate for an alkaline pH i is a question that will require further 540 investigation. However, the propensity to maintain an alkaline pH i in the enterocyte population 541 may have less innocuous consequences as compared to the effects of an acidic pH i (increased 542 apoptosis/reduced proliferation). Cell acidification evokes allosteric changes in the Na + /H + 543 exchanger Nhe1 that maximally increases its activity, whereas Nhe1 is largely inactive at pHi > 544 7.2 (6). It is also been shown that CF crypt epithelium maintains lower Na 
